Interdependence of PKC-Dependent and PKC-Independent Pathways for Presynaptic Plasticity  by Wierda, Keimpe D.B. et al.
Neuron
ArticleInterdependence of PKC-Dependent
and PKC-Independent Pathways
for Presynaptic Plasticity
Keimpe D.B. Wierda,1,3 Ruud F.G. Toonen,1,3 Heidi de Wit,1 Arjen B. Brussaard,2 and Matthijs Verhage1,*
1Department of Functional Genomics
2Department of Experimental Neurophysiology
Center for Neurogenomics and Cognitive Research (CNCR), Vrije Universiteit (VU) Amsterdam and VU University Medical Center,
1081 HV Amsterdam, The Netherlands
3These authors contributed equally to this work.
*Correspondence: matthijs@cncr.vu.nl
DOI 10.1016/j.neuron.2007.04.001SUMMARY
Diacylglycerol (DAG) is a prominent endoge-
nous modulator of synaptic transmission. Re-
cent studies proposed two apparently incom-
patible pathways, via protein kinase C (PKC)
and via Munc13. Here we show how these two
pathways converge. First, we confirm that
DAG analogs indeed continue to potentiate
transmission after PKC inhibition (the Munc13
pathway), but only in neurons that previously
experienced DAG analogs, before PKC inhibi-
tion started. Second, we identify an essential
PKC pathway by expressing a PKC-insensitive
Munc18-1 mutant inmunc18-1 null mutant neu-
rons. This mutant supported basic transmis-
sion, but not DAG-induced potentiation and
vesicle redistribution. Moreover, synaptic de-
pression was increased, but not Ca2+-indepen-
dent release evoked by hypertonic solutions.
These data show that activation of both PKC-
dependent and -independent pathways (via
Munc13) are required for DAG-induced potenti-
ation. Munc18-1 is an essential downstream
target in the PKC pathway. This pathway is of
general importance for presynaptic plasticity.
INTRODUCTION
Diacylglycerol (DAG) is an important endogenous second
messenger generated by a large variety of biological sig-
nals. In the nervous system, DAG is a prominent modula-
tor of synaptic transmission, probably in all types of syn-
apses (Hori et al., 1999; Nichols et al., 1987; Parfitt and
Madison, 1993; Shapira et al., 1987). The dominant effect
of DAG (or its synthetic analogs, b-phorbol esters) is to
transiently enhance evoked presynaptic release, often re-
ferred to as synaptic potentiation (Malenka et al., 1986;
Shapira et al., 1987; for review see Zucker and Regehr,2002) and also to increase the spontaneous release rate
(Lou et al., 2005; Shapira et al., 1987). As underlying
mechanisms, an increase in the number of releasable ves-
icles (Gillis et al., 1996; Stevens and Sullivan, 1998;
Virmani et al., 2005) or their release efficiency (Lou et al.,
2005; Wu and Wu, 2001; Zhu et al., 2002) have been re-
ported. Typically, no changes are observed in the ampli-
tude of the responses that individual release events gener-
ate on the postsynaptic side, indicating that potentiation is
primarily a presynaptic phenomenon (Lou et al., 2005;
Shapira et al., 1987; Virmani et al., 2005). DAG-induced
potentiation interacts with other forms of presynaptic
plasticity (Kamiya and Zucker, 1994). Ca2+-dependent
enhancement of synaptic strength is specifically referred
to as synaptic augmentation (Swandulla et al., 1991;
Thomson, 2000). DAG potentiates the effects of residual
Ca2+ (Lou et al., 2005; Wu and Wu, 2001), and conversely,
residual Ca2+ stimulates DAG production (Micheva et al.,
2001). Hence, DAG-induced potentiation is a central as-
pect in synaptic plasticity.
Protein kinase C (PKC) is the major intracellular target of
DAG. PKC is activated by DAG through binding to its C1
domain or directly by Ca2+ via its C2 domains and has
been found to induce synaptic potentiation/augmentation
in many studies (Francis et al., 2002; Majewski and Ian-
nazzo, 1998; Stevens and Sullivan, 1998). Voltage-gated
ion channels (K+ and Ca2+ channels) and proteins involved
in synaptic release (SNAP25, Munc18-1, GAP-43, and
synaptotagmin-1) have been identified as presynaptic
PKC substrates. Their phosphorylationmay influence syn-
aptic plasticity (Dekker et al., 1991; Finley et al., 2003;
Gillis et al., 1996; Hoffman and Johnston, 1998; Hulo
et al., 2002; Oleskevich and Walmsley, 2000; Shimazaki
et al., 1996; Stevens and Sullivan, 1998), but evidence
for a direct role in DAG-induced potentiation is lacking
or has even been excluded for K+ and Ca2+ channels
(Parfitt and Madison, 1993), SNAP25 (Finley et al., 2003),
GAP-43 (Hulo et al., 2002), and synaptotagmin-1 (Nagy
et al., 2006). Munc18-1 is essential for presynaptic vesicle
release (Verhage et al., 2000) and is rapidly phosphory-
lated by PKC upon depolarization (Craig et al., 2003; de
Vries et al., 2000). Munc18-1 phosphorylation changesNeuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 275
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2003; de Vries et al., 2000), and single-vesicle release ki-
netics in chromaffin cells (Barclay et al., 2003). This makes
Munc18-1 an important and one of the few remaining
plausible candidates as a downstream target of synaptic
PKC-dependent potentiation.
In addition to PKC activation, DAG and phorbol esters
can also directly activate other C1 domain-containing pro-
teins like Munc13. Direct activation of Munc13 by phorbol
esters is essential for synaptic potentiation and continues
to occur after PKC activity is blocked, suggesting a redun-
dant role of PKC (Rhee et al., 2002). However, constitu-
tively activemembrane-boundUNC-13was unable to fully
compensate for impaired endogenous phorbol ester pro-
duction in C. elegans (Lackner et al., 1999), suggesting
that additional phorbol ester-dependent pathways may
be involved in potentiation. Thus, although many studies
point toward a PKC-dependent pathway underlying
potentiation and good candidate substrates exist, the
data on the Munc13 mutant challenges this theory, and
a conceptual paradox between PKC-dependent and
PKC-independent pathways arises.
Here, we provide evidence to converge both pathways
of DAG-induced potentiation. First, we confirm that DAG
analogs continue to augment transmission after PKC
inhibition in autaptic neurons, but only when DAG analogs
were previously applied to the same cells. Second, we
identify Munc18-1 as an essential substrate in the
PKC-dependent pathway by comparing synaptic re-
sponses in munc18-1 null mutant autaptic neurons
rescued with either wild-type Munc18-1 or a mutant that
cannot be phosphorylated by PKC. Finally, using repeti-
tive stimulation, we show that Munc18-1 phosphorylation
by PKC is a central and essential aspect in short-term
plasticity.
RESULTS
Basal Synaptic Function Is Normal in munc18-1 Null
Mutant Neurons Expressing M18PKCi
To test the potential role of Munc18-1 phosphorylation by
PKC in synaptic plasticity, we substituted PKC phosphor-
ylation sites serine 306 and serine 313 for alanines, creat-
ing a mutant referred to as M18PKCi. Indeed, phosphoryla-
tion by PKC was severely impaired in this mutant (Figures
1A and 1B). As expected, the mutations did not obstruct
the interaction between M18PKCi and syntaxin (Figure 1C).
Munc18-1 null mutant neurons die within 7 days in vitro
(DIV) (Heeroma et al., 2004). Viral introduction of
munc18-1 cDNA at DIV 1 rescues these neurons. Autaptic
(micro-dot) cultures ofmunc18-1 null mutant neurons res-
cued with M18PKCi were viable and morphologically simi-
lar to autapticmunc18-1 null mutant neurons rescued with
wild-type munc18-1 (Figure 1D). No difference was ob-
served in the number of synaptic connections, total den-
dritic length, and dendritic branching between neurons
rescued with wild-type munc18-1 or M18PKCi (Figure 1E).276 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.Thus, viral introduction ofM18PKCi rescues the lethal phe-
notype of munc18-1 null mutant neurons.
We studied the basal synaptic function in M18PKCi-
rescued neurons using whole-cell voltage-clamp record-
ings. Evoked excitatory postsynaptic currents (EPSCs)
were normal in neurons rescued with M18PKCi, both at
33C and at room temperature (RT; Figures 1F and 1G)
as well as during conditions of decreased release effi-
ciency (2 mM Ca2+/4 mM Mg2+, Figure 1H). Application
of hyperosmotic solution was used to probe the size of
the ready-releasable pool (RRP). Both high and medium
hyperosmotic sucrose responses were comparable be-
tween neurons rescued with wild-type munc18-1 and
M18PKCi (200 mM sucrose, Figure 1I; 500 mM sucrose,
Figure 1J). Consequently, the initial vesicular release
probability (Pves, evoked release/RRP) was normal in neu-
rons rescued with M18PKCi (Figure 1K). Spontaneous am-
plitude, decay time, and frequency were similar in neurons
rescued with M18PKCi and wild-type munc18-1
(Figure 1L). Note that viral expression of Munc18-1 in
munc18-1 null mutant neurons results in a mild (1–1.5
times) overexpression phenotype, resulting in an in-
creased spontaneous release frequency (Nili et al.,
2006). So, Munc18PKCi rescues neuronal morphology
and basal synaptic transmission to a similar extent as
wild-type Munc18-1.
Munc18-1 Phosphorylation by PKC Is Essential
for DAG-Induced Potentiation
Next we investigated DAG-induced potentiation in neu-
rons rescued withM18PKCi. We used phorbol 12-myristate
13-acetate (PMA) or phorbol 12,13-dibutyrate (PDBu) as
synthetic DAG analogs (Newton, 1995, 1997) and low-
frequency electrical stimulation (0.2 Hz) to study their ef-
fects on EPSC amplitude inmunc18-1 null mutant neurons
rescued with either wild-typemunc18-1 orM18PKCi. In line
with previous studies, PMA increased autaptic EPSC
amplitude in neurons expressing wild-type Munc18-1
(Figure 2A), while no potentiation was observed with the
biological inactive form of PMA (a-PMA, data not shown).
Interestingly, PMA-induced potentiation was absent in
neurons rescued with M18PKCi (Figure 2A). Even in condi-
tions favoring the induction of synaptic potentiation (re-
duced external Ca2+; Lou et al., 2005; Oleskevich and
Walmsley, 2000; Yawo, 1999), PMA failed to potentiate re-
lease in neurons rescued with M18PKCi (Figure 2B). As an-
ticipated, neurons rescued with wild-type munc18-1 now
showed an even more pronounced potentiation of evoked
release (Figure 2B). Furthermore, we found a 6-fold
increase in spontaneous release frequency in autaptic
neurons rescued with wild-type munc18-1, but no in-
crease in release frequency upon PMA application was
observed in neurons rescued with M18PKCi (Figures 2C
and 2D). Similar to PMA application, PDBu-induced
potentiation of evoked release was absent in neurons
rescued with M18PKCi (Figures 3A and 3F), while neurons
rescued with wild-typemunc18-1 showed normal potenti-
ation (Figures 3A, 3D, and 3F, first PDBu application).
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Two Pathways in Presynaptic PlasticityFigure 1. Morphology and Basal Synaptic Function Are Normal in munc18-1 Null Mutant Neurons Expressing M18PKCi
(A) Phospho image showing PKC-dependent 32P-incorporation in wild-type Munc18-1 (M18WT) or M18PKCi immuno-isolated from transfected
HEK293 cells. Western blot stained with Munc18-1 antibodies shows that precipitated total protein levels are identical between M18WT and
M18PKCi (lower lane).
(B) Quantification of total PKC-dependent 32P-incorporation in M18WT and M18PKCi. Incorporation into M18WT was set to 100%. n = 6 experiments.
Bar graphs represent mean ± SD.
(C) Interaction of Munc18-1 with syntaxin is not affected by amino acid substitutions. GST-syntaxin pull-down from HEK293 cell lysate transfected
with either M18WT or M18PKCi.
(D) Introduction of M18PKCi in munc18-1 null mutant neurons completely rescues neuron viability and morphology. Typical examples of null mutant
neurons infected with M18WT or M18PKCi viral particles at DIV 1 and stained for MAP2 and synapsin at DIV 14.
(E) No difference was found in total dendrite length (M18WT, 2126.8 ± 212.6 mm; M18PKCi, 2116.3 ± 235.7 mm, p > 0.05), synapse number (M18WT,
183 ± 18 synapses/neuron; M18PKCi, 156 ± 13 synapses/neuron, p > 0.05), or synapses per mm dendrite (M18WT, 0.094 ± 0.007 synapsin/mm;
M18PKCi, 0.087 ± 0.008 synapsin/mm, p > 0.05) in autaptic neurons rescued with either M18WT or M18PKCi.
(F) EPSCs were comparable between neurons rescued with M18WT or M18PKCi (M18WT, 2655 ± 374 pA; M18PKCi, 3040 ± 411 pA, p > 0.05).
(G) EPSC amplitude measured at room temperature (M18WT, 1422 ± 240 pA; M18PKCi, 1644 ± 452 pA, p > 0.05).
(H) No difference in EPSC amplitude when release probability was decreased by lowering external Ca2+ (2 mM Ca2+/4 mMMg2+ in external solution,
M18WT, 2088 ± 436 pA; M18PKCi, 2058 ± 458 pA, p > 0.05).
(I) Neurons expressing M18PKCi showed a similar submaximal hyperosmotic sucrose response as M18WT (200 mM, M18WT, 0.15 ± 0.02 nC; M18PKCi,
0.17 ± 0.03 nC, p = 0.18).
(J) RRP size, assessed with single hyperosmotic sucrose application (500 mM sucrose), was not affected by introduction ofM18PKCi (M18WT, 0.80 ±
0.09 nC, n = 28; M18PKCi, 0.69 ± 0.15 nC, n = 8, p > 0.05).
(K) Expression of M18PKCi did not affect synaptic release probability (evoked area/hyperosmotic area, M18WT, 8.1% ± 1.1%; M18PKCi, 7.0% ± 1.5%,
p > 0.05).
(L) Spontaneous amplitude, frequency, and decay time were completely rescued by M18PKCi. Amplitude (M18WT, 29.1 ± 2.9 pA; M18PKCi, 25.2 ±
2.1 pA, p > 0.05); frequency (M18WT, 29.3 ± 6.3 Hz; M18PKCi, 39.6 ± 5.2 Hz, p > 0.05); decay time (M18WT, 8.2 ± 1.6 ms; M18PKCi, 7.6 ± 1.3 ms,
p > 0.05). Upper panel shows example traces of spontaneous input and individual spontaneous events.
Bars indicate mean values + SEM.Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 277
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Two Pathways in Presynaptic PlasticityFigure 2. Phosphorylation of Munc18-1 by PKC Is Essential for Phorbol Ester-Induced Potentiation
(A) Bath application of PMA (1 mM, indicated by black line) did not induce potentiation of evoked release (0.2 Hz) in munc18-1 null mutant neurons
rescued with M18PKCi (gray triangles, n = 7). Neurons rescued with wild-type munc18-1 showed normal potentiation during PMA application (black
squares, n = 6).
(B) Also during decreased release probability, PMA failed to induce potentiation inM18PKCi-rescued neurons (2 mMCa
2+/4 mMMg2+, gray triangles,
n = 5), while potentiation is even more pronounced in neurons expressing M18WT (black squares, n = 5).
(C) Application of PMA (1 mM) increased spontaneous frequency in M18WT-expressing neurons (black squares, n = 4), but did not affect spontaneous
frequency in M18PKCi-expressing neurons (gray triangles, n = 5). Insets: spontaneous input before and after PMA in neurons expressing wild-type
Munc18-1 (black traces) or M18PKCi (gray traces).
(D) Spontaneous amplitude was unaffected by PMA application both in M18WT and M18PKCi-expressing neurons (M18WT, 30.4 ± 1.1 pA + PMA;
M18WT, 33.6 ± 2.6 pA  PMA; M18PKCi, 36.8 ± 2.5 pA + PMA; M18PKCi, 33.4 ± 2.1 pA  PMA, p > 0.05). No difference was found in frequency histo-
grams of spontaneous amplitude (1 pA/bin, M18WT, p = 0.15; M18PKCi, p = 0.40, Kolomogorov-Smirnov).
Data shown are mean values ± SEM.Thus, PKC-dependent phosphorylation of Munc18-1 is
essential for PMA/PDBu-induced potentiation.
However, previous experiments have shown that PDBu
potentiates release even when PKC activity is blocked by
bisindolylmaleimide (BIS), arguing that phorbol ester-
induced potentiation is PKC independent and acts via
direct stimulation of the C1 domain of Munc13 (Rhee
et al., 2002). To investigate this apparent discrepancy,
we first confirmed that PKC inhibition by BIS indeed failed
to block PDBu-dependent potentiation in neurons res-
cued with wild-type munc18-1 (Figure 3A, second PDBu278 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.application in the presence of BIS). However, in naive
wild-type neurons that had not been challenged with
PDBu before, BIS application did block PDBu-induced
potentiation (Figure 3B). Thus, PKC-dependent phos-
phorylation of Munc18-1 is a prerequisite for Munc13-
dependent potentiation. The BIS-induced synaptic run-
down of evoked responses is caused by an unknown
(possibly postsynaptic) mechanism, unrelated to
Munc18-1 and Munc13 (Yawo, 1999). To avoid BIS-
induced EPSC rundown, we used a second PKC inhibitor
(Ro 31-8220, 1 mM) that does not cause synaptic rundown.
Neuron
Two Pathways in Presynaptic PlasticityFigure 3. PKC Inhibition Blocks Potenti-
ation Only in Neurons Naive for Phorbol
Esters
(A) Bath-applied PDBu (1 mM, 60 s) could not
induce potentiation of EPSCs in M18PKCi-
expressing neurons (open gray triangles,
n = 6), while induction was normal in M18WT-
expressing neurons (black squares, n = 11).
PKC inhibitor BIS (3 mM) was used to assess
involvement of PKC in potentiation. Interest-
ingly, PDBu still induced potentiation after
PKC inhibition in neurons rescued with wild-
type munc18-1 (second PDBu application).
EPSCs were evoked with 0.2 Hz stimulations
at RT.
(B) Effect of PKC inhibition in naive wild-type
neurons. Inhibition of PKC with BIS before
PDBu application (fast application with dou-
ble-barrel) blocked potentiation (open squares,
n = 8). Application of PDBu alone did induce
potentiation in wild-type neurons (filled circles,
n = 4).
(C) Inhibition of PKC with bath-applied Ro
31-8220 blocked PDBu-induced potentiation
in naive wild-type neurons (n = 6). Again, induc-
tion with PDBu alone was normal (n = 6).
(D) Inhibition of PKC with Ro 31-8220 also
blocked PDBu-induced potentiation in naive
null mutant neurons rescued with wild-type
munc18-1.
(E) Mimicking Munc18-1 phosphorylation with
a phosphomimetic Munc18-1 mutant (S306D,
S313D; M18DD). Naive munc18-1 null mutant
neurons rescued with M18DD showed a partial
resistance to Ro 31-8220 application.
(F) To avoid BIS-induced rundown of synaptic
responses, we used Ro 31-8220 as PKC inhib-
itor. Again, single application of PDBu before
Ro 31-8220 infusion allowed PKC-independent
potentiation during a second PDBu application
in the presence of Ro 31-8220 in cells rescued
with wild-type Munc18-1, but not in M18PKCi-
expressing neurons.
Data shown are mean values ± SEM.Again, we found PKC inhibition in naive wild-type neurons
and null mutant neurons rescuedwith wild-typemunc18-1
to block PDBu-induced potentiation (Figures 3C and 3D)while application of PDBu before Ro 31-8220 infusion
again resulted in synaptic potentiation upon the second
PDBu application during Ro 31-8220 block (Figure 3F).Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 279
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Two Pathways in Presynaptic PlasticityFigure 4. Periods of Neuronal Activity
Induce a PDBu Potentiation Permissive
Period
(A) Neuronal activity induced a PDBu potentia-
tion permissive period in the presence of Ro
31-8220 (20 or 200 pulses at 40 Hz) in
M18WT-expressing neurons, but this effect
was absent in M18PKCi-expressing neurons.
The resultant PDBu-induced potentiation in
neurons expressing M18-1WT was proportional
to the amount of previous stimuli.
(B) Synaptic facilitation is normal in M18PKCi-
expressing neurons during the initial phase of
high-frequency repetitive stimulation (40 Hz;
20 and 200 pulses; external solution contained
2 mM Ca2+/4 mMMg2+), but synaptic rundown
during sustained high-frequency stimulation is
increased in M18PKCi-expressing neurons.
M18WT-expressing neurons showed clear
posttetanic potentiation, which was absent
in M18PKCi-expressing neurons (M18-1WT,
200 pulses, n = 7; M18-1WT, 20 pulses, n = 3;
M18PKCi, 200 pulses, n = 4).
Data shown are mean values ± SEM.In conclusion, both PKC-dependent phosphorylation of
Munc18-1 and direct activation of Munc13 are essential
for phorbol ester-induced potentiation. We wondered
whether induction of Munc18-1 phosphorylation by repet-
itive synaptic activity would also permit PDBu-induced
potentiation in the presence of Ro 31-8220. To test this,
we applied 20 or 200 pulses at 40 Hz directly preceding
Ro 31-8220 application (Figure 4A). In munc18-1 null mu-
tant cells rescued with wild-type Munc18-1, these depo-
larization trains indeed allowed for PDBu potentiation of
evoked release that was proportional to the amount of
previous stimuli. In contrast, munc18-1 null mutant cells
rescued with M18PKCi did not show a PDBu potentiation
permissive period (in line with data in Figure 3). Reduced
release probability (2 mM Ca2+/4 mM Mg2+) resulted in
synaptic facilitation during high-frequency stimulation in
both M18WT and M18PKCi-expressing neurons, indicating
that facilitation is unaffected in M18PKCi-expressing neu-
rons (Figure 4B and see Figure S4 in the Supplemental
Data available online). In contrast, posttetanic augmenta-
tion was absent in neurons expressing M18PKCi (Fig-
ure 4B). Finally, to test if Munc18-1 phosphorylation in
itself is sufficient to make neurons Ro 31-8220 resistant,
we rescued munc18-1 null mutant neurons with a phos-
phomimetic Munc18-1 mutant (S306D, S313D; M18DD).
Naive M18DD-expressing neurons showed a partial re-
sistance to Ro-31 application (Figure 3E). Therefore,280 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.Munc18-1 phosphorylation is the major, but possibly
not the only, PKC substrate in phorbol ester-induced
potentiation.
Munc13 may depend on Munc18-1 phosphorylation for
its function at the plasma membrane. In adrenal chromaf-
fin cells, Munc13 translocates to the membrane upon
phorbol ester application (Ashery et al., 2000). This trans-
locationmay be functionally relevant, since impaired loco-
motion in C. elegans mutants caused by a decrease in
DAG production can be partly compensated by introduc-
ing constitutively membrane-associated UNC-13 (Lack-
ner et al., 1999). Phorbol ester-induced translocation of
Munc13 toward the plasma membrane still occurs in the
absence of Munc18-1 in E18 null mutant chromaffin cells
(Figures S1A–S1C), arguing that translocation per se is not
Munc18 dependent. Also, synaptic localization of Munc13
inmunc18-1 null mutant neurons rescued with M18PKCi is
not different from neurons rescued with wild-type
Munc18-1 (Figures S1D and S1E).
Impaired Release Efficiency in M18PKCi-Expressing
Neurons
Next, we studied the mechanism(s) of potentiation that
depends on Munc18-1 phosphorylation by PKC. Phorbol
ester-induced potentiation may result from an increase
in the ready-releasable pool (RRP) size (Stevens and
Sullivan, 1998; Virmani et al., 2005) or an increase in fusion
Neuron
Two Pathways in Presynaptic Plasticityefficiency of vesicles in the RRP (Basu et al., 2007; Lou
et al., 2005; Stevens and Wesseling, 1999; Wu and Wu,
2001). We first probed the size of the RRP using
500 mM hypertonic sucrose (Rosenmund and Stevens,
1996). Kynurenic acid (200 mM) was used to avoid post-
synaptic saturation (Toonen et al., 2006b). No effect of
PMA application was found on RRP size in null mutant
neurons rescued with either wild-type Munc18-1 or
M18PKCi (Figure 5A). Next, we probed the effect of PMA
on fusion efficiency by application of a submaximal hyper-
tonic solution (200 mM) (Rosenmund and Stevens, 1996;
Wu and Wu, 2001). PMA induced an almost 2-fold in-
crease in total sucrose current in null mutant neurons res-
cued with wild-type Munc18-1, while this increase was
absent in neurons expressing M18PKCi (Figure 5B). Thus,
PKC-dependent phosphorylation of Munc18-1 increases
release willingness of (a subset) of vesicles in the RRP.
This effect on release willingness was only apparent
when using submaximal hyperosmotic stimulation
(200 mM). The total RRP size (tested with 500 mM) is not
affected by PMA application.
In addition, we tested for a possible effect of PMA appli-
cation on vesicle fusion efficiency by measuring the su-
crose response latency (Stevens and Wesseling, 1999)
and release kinetics (Basu et al., 2007; Lou et al., 2005).
Phorbol ester application increased the release rate, mea-
sured as the slope of the cumulative hyperosmotic
sucrose response (500 mM), in neurons rescued with
wild-type munc18-1, but not in neurons rescued with
M18PKCi (Figures S2E and S2F). In accordance with an in-
crease in release rate, phorbol esters decreased the su-
crose response latency in neurons rescued with wild-
type munc18-1, but not in M18PKCi-rescued neurons
(Figure 5C, 200 mM sucrose; Figures S2C and S2D,
500mMsucrose). Thus, phorbol esters appear to increase
vesicle fusion efficiency via PKC-dependent phosphoryla-
tion of Munc18-1, independent of concomitant Ca2+ entry.
High-frequency stimulation (HFS) also induces potentia-
tion/augmentation by increasing release efficiency driven
by accumulating intracellular calcium (Stevens and Wes-
seling, 1999). As expected, we also observed an HFS-
dependent (40 Hz) reduction in sucrose response latency
in neurons rescued with wild-type munc18-1, while this
HFS-dependent decrease was absent in neurons rescued
with M18PKCi (Figure 5D, 500 mM sucrose). Linear fitting
of the cumulative sucrose slopes showed a clear activ-
ity-dependent reduction in sucrose reaction time in neu-
rons rescued with wild-type munc18-1, while response
latency was unaffected in M18PKCi-rescued neurons
(Figure 5E).
Phorbol Ester-Induced Vesicle Redistribution
Is Absent in M18PKCi-Expressing Neurons
Phorbol ester- and activity-dependent changes in release
willingness and response latencymay be accompanied by
a redistribution of synaptic vesicles (Shoji-Kasai et al.,
2002). In wild-type hippocampal neurons, RRP size corre-
lates with the number of morphologically docked vesiclesat the active zone (Murthy et al., 2001). We tested the
effect of phorbol ester application on several morpholog-
ical parameters in electron micrographs of null mutant
neurons rescued with either wild-type Munc18-1 or
M18PKCi and found no effect on the number of docked
vesicles, active zone size, and total number of vesicles
(Figures 6A–6D). Interestingly, phorbol ester application
induced a redistribution of synaptic vesicles toward active
zones in neurons expressing wild-type Munc18-1, while
this effect was absent in neurons rescued with M18PKCi
(Figures 6E and 6F). Thus, DAG-dependent phosphoryla-
tion of Munc18-1 by PKC induces a redistribution of
synaptic vesicles toward release sites, but does not regu-
late RRP size.
Increased Synaptic Depression
in M18PKCi-Expressing Neurons
In addition to being activated by phorbol esters, PKCs are
also triggered directly by calcium (Newton, 2001). There-
fore, we predicted that Munc18-1 phosphorylation plays
an important role in synaptic reliability by regulating
vesicle release efficiency during activity. Paired-pulse de-
pression is regularly observed in autaptic hippocampal
neurons (Mennerick and Zorumski, 1995). Indeed, null mu-
tant neurons expressing wild-type munc18-1 showed
moderate paired-pulse depression. However, neurons
rescued withM18PKCi showed excessive paired-pulse de-
pression in all stimulation intervals tested (Figures 7A and
7B). No difference was found in the first EPSC amplitude
between wild-type munc18-1 and M18PKCi-rescued neu-
rons (inset of Figure 7A), in line with our previous observa-
tion that initial release probability is equal (Figure 1K). The
larger depression in M18PKCi-rescued neurons therefore
reflects a decreased release capability and suggests
that phosphorylation of Munc18-1 is an essential step in
maintaining this capability. In line with this hypothesis, in-
hibition of PKC by application of Ro 31-8220 in neurons
rescued with wild-typemunc18-1 also results in increased
paired-pulse depression (Figure 7C). Synaptic rundown
during repetitive stimulation was increased in neurons ex-
pressing M18PKCi during 0.5 and 10 Hz stimulation
frequencies (0.5 Hz, Figure 7D; 10 Hz, Figures 7E and
7F), resulting in a lower steady-state amplitude (Figure 7F).
To test if this increased rundown may be due to sup-
pressed synaptic facilitation in neurons expressing
M18PKCi, we applied 20 Hz stimulation in low calcium so-
lution (0.25 mM Ca/4 mM Mg), which resulted in similar
facilitated responses during the first 20 action potentials
in null mutant neurons rescued with wild-type Munc18-1
and M18PKCi (Figure S4).
In contrast to synchronous release, asynchronous re-
lease increases during repetitive stimulation, possibly
due to residual Ca2+-induced activation of high-affinity
Ca2+ sensors (Goda and Stevens, 1994). Since both syn-
chronous and asynchronous release are thought to origi-
nate from the RRP (Hagler and Goda, 2001; Otsu et al.,
2004), an increase in asynchronous release could induce
increased depression of phasic release during repetitiveNeuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 281
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Two Pathways in Presynaptic PlasticityFigure 5. Phosphorylation of Munc18-1 by PKC
Regulates Release Efficiency of Synaptic Vesi-
cles within the RRP
(A) PMA application did not affect total RRP size, as
tested by 500 mM hyperosmotic sucrose application,
in neurons expressing either M18WT (M18WT  PMA,
0.13 ± 0.03 nC, n = 11; + PMA, 0.14 ± 0.03, n = 11,
p > 0.05) or M18PKCi (M18PKCi  PMA, 0.14 ± 0.02 nC,
n = 8; + PMA, 0.12 ± 0.02 nC, n = 8, p > 0.05). Kynurenic
acid (competitive AMPA/NMDA receptor blocker,
200 mM) was used to prevent postsynaptic receptor
saturation during hyperosmotic sucrose applications
(500 mM).
(B) Submaximal (200mM) hyperosmotic sucrose appli-
cations showed a PMA-induced increase in synaptic
release in neurons rescued with wild-type Munc18-1
(M18WT  PMA, 0.17 ± 0.03 nC, n = 9; + PMA, 0.29 ±
0.03 nC, n = 9, *p < 0.05), while this effect was absent
in neurons expressingM18PKCi (M18PKCiPMA, 0.18 ±
0.03 nC, n = 6; + PMA, 0.20 ± 0.04 nC, n = 6, p > 0.05).
No kynurenic acid was used during 200 mM sucrose
applications.
(C) Cumulative 200 mM sucrose response before and
after PMA application. PMA induced a reduction of
200 mM sucrose response latency in neurons rescued
with wild-type munc18-1, but not in M18PKCi-rescued
neurons. Upper panel shows the experimental design.
(D) Activity-dependent enhancement of vesicular re-
lease efficiency is absent in neurons rescued with
M18PKCi. Cumulative amplitude was plotted against
time to determine the delay between sucrose applica-
tion and response onset (= response delay). High-
frequency stimulation decreased response delay in
neurons rescued with wild-type munc18-1, while this
effect is absent in M18PKCi-rescued neurons. Inset:
schematic representation of experimental protocol.
(E and F) Effect of HFS stimulation on response latency
in individual cells. Slope of the rising phase of the cu-
mulative sucrose amplitude of each individual neuron
was fitted before and after 40 Hz. HFS induces a clear
decrease in response latency in neurons rescued with
wild-type munc18-1 (before HFS, 0.73 ± 0.03 s; after
HFS, 0.57 ± 0.04 s, n = 10, p < 0.01), but this effect is
absent in M18PKCi-rescued neurons (before HFS,
0.81 ± 0.05 s; after HFS, 0.77 ± 0.03 s, n = 7, p > 0.05).
Data shown are mean values ± SEM.282 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.
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Two Pathways in Presynaptic PlasticityFigure 6. Phorbol Ester-Induced Redistribution of Synaptic Vesicles toward Active Zones Depends onMunc18-1 Phosphorylation
by PKC
(A) Electron micrographs of typical asymmetrical glutamatergic synapses from munc18-1 null mutant neurons expressing either M18WT or M18PKCi
and incubated with a-PMA or PMA (1 mM) for 5 min before fixation. Scale bar represents 100 nm. The following parameters were independent of
Munc18-1 phosphorylation by PKC: (B) number of docked vesicles (M18WT + a-PMA, 3.95 ± 0.30, n = 40; M18WT + PMA, 3.90 ± 0.26, n = 41;
M18PKCi + a-PMA, 4.07 ± 0.19, n = 43; M18PKCi + PMA, 3.81 ± 0.28, n = 48; p > 0.05), (C) active zone size (M18WT + a-PMA, 334.2 ± 24.6 nm,
n = 40; M18WT + PMA, 293.9 ± 20.4 nm, n = 41; M18PKCi + a-PMA, 291.9 ± 14.0 nm, n = 43; M18PKCi + PMA, 275.6 ± 20.9 nm, n = 48; p > 0.05),
and (D) total vesicle number (M18WT + a-PMA, 45.4 ± 2.8, n = 40; M18WT + PMA, 40.7 ± 3.8, n = 41; M18PKCi + a-PMA, 48.4 ± 2.9 nm, n = 43;
M18PKCi + PMA, 45.2 ± 3.5, n = 48; p > 0.05). (E) PMA induces a redistribution of vesicles toward the active zone in neurons expressing M18WT,
but not in M18PKCi-expressing neurons (vesicle redistribution after PMA: M18WT, p < 0.00005; M18PKCi, p > 0.05; Kolmogorov-Smirnov).
(F) a-PMA is unable to induce redistribution in neurons expressing M18WT.
Bars indicate mean values + SEM.stimulation. However, no difference was found in the
asynchronous release rate between neurons expressing
wild-type munc18-1 or M18PKCi (Figure S5). Thus,phosphorylation of Munc18-1 by PKC increases synaptic
reliability by adjusting phasic evoked release during short
periods of neuronal activity.Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 283
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Two Pathways in Presynaptic PlasticityFigure 7. Efficacy of Release during Paired-Pulse Stimulation and Repetitive Evoked Release Depends on Munc18-1 Phosphory-
lation by PKC
Neurons expressing M18PKCi show an increase in synaptic depression already during double-evoked stimulation.
(A) Example traces of double-evoked release in null mutant neurons rescued with M18WT or M18PKCi. M18PKCi-expressing neurons showed a clear
reduction in the amplitude of the second EPSC. Inset: Amplitudes of the first EPSCs in paired stimulations are comparable between naiveM18WT and
M18PKCi-expressing neurons (see also Figure 1). Therefore, the increase in paired-pulse depression seen in M18PKCi neurons cannot be explained by
a higher initial release probability.
(B) M18WT-expressing neurons showed a small amount of paired-pulse depression in all stimulation intervals tested (black bars, n = 17; interpulse
interval 20, 50, 100, 200, and 500 ms). M18PKCi-expressing neurons showed significantly more paired-pulse depression during all tested interpulse
intervals (gray bars, n = 13). **p < 0.01; ***p < 0.001.
(C) PKC activity is involved in maintaining release efficiency during paired-pulse stimulation. Application of the PKC inhibitor Ro-31 increased paired-
pulse depression (20 ms interstimulus interval) in neurons rescued with M18WT (M18WT  Ro31, 91.4% ± 3.2%; M18WT + Ro31, 77.2% ± 3.4%).
Paired-pulse depression (20 ms interstimulus interval) of panel (B) was added for comparison. *p < 0.05; ***p < 0.001.
(D) Increased rundown of EPSC amplitude during repetitive low-frequency stimulation (0.5 Hz) in neurons rescued with M18PKCi.
(E) Increased rundown during first 2 s of 10 Hz repetitive stimulation in neurons rescued with M18PKCi.
(F) Neurons expressingM18PKCi showed increased rundown kinetics during the initial phase of 10 Hz stimulation (M18WT, 1.7 ± 0.3 s, n = 26; M18PKCi,
1.0 ± 0.1 s, n = 18, *p < 0.05). Furthermore, evoked amplitude is significantly smaller in neurons rescued with M18PKCi after 2 s of 10 Hz stimulation
(M18WT, 70.6% ± 2.7%, n = 26; M18PKCi, 54.6% ± 2.1%, n = 18, ***p < 0.001).
Data shown are mean values ± SEM.Impaired Recovery in M18PKCi-Expressing Neurons
PKC-dependent phosphorylation of Munc18-1 modulates
vesicular release efficiency. To test if synaptic recovery is
also affected by Munc18-1 phosphorylation, we first in-
vestigated Ca2+-independent recovery of the RRP in
M18PKCi neurons. We used dual hyperosmotic sucrose
(500 mM) applications with variable time intervals (Gep-
pert et al., 1997) since this procedure is expected not to
activate PKC-dependent signaling pathways. Indeed, we
did not find a difference in Ca2+-independent recovery be-
tween neurons expressing wild-type Munc18-1 and neu-
rons expressing M18PKCi (Figure 8A), again showing that
M18PKCi does not affect the basic release machinery.284 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.Next, we depleted the RRP with high-frequency stimula-
tion (40 Hz; 2.5 s, Figure 8B1), allowing calcium influx
and PKC activation and, using 0.5 Hz stimulation, moni-
tored the recovery rate of the depleted pool (Figure 8B2).
The recovery rate was significantly slower in neurons ex-
pressing M18PKCi (Figure 8B2 and inset). Furthermore,
the maximal EPSC amplitude reached during the recovery
phase was significantly lower in neurons expressing
M18PKCi. This is in line with our previous finding that
Munc18-1 phosphorylation is already important for main-
taining synaptic efficacy during low-frequency stimulation
at 0.5 Hz (Figure 7D). To avoid interference of low-fre-
quency stimulation on synaptic recovery, we evoked
Neuron
Two Pathways in Presynaptic PlasticityFigure 8. PKC-Dependent Phosphorylation of Munc18-1 Increases RRP Recovery Kinetics after Periods of Increased Activity
(A) Double hyperosmotic sucrose solution (500 mM sucrose in normal bath solution) was used to study activity-independent refill kinetics of the RRP.
Activity-independent recovery kinetics were normal in M18PKCi-expressing neurons.
(B1) Synaptic rundown during high-frequency repetitive stimulation (40 Hz, 2.5 s). Inset: Single exponential decay time of amplitude during 40 Hz re-
petitive stimulation (M18WT, 0.43 ± 0.07 s, n = 21; M18PKCi, 0.45 ± 0.07 s, n = 15, p > 0.05). (B2) Decreased recovery kinetics after activity-dependent
depletion of the ready-releasable pool (40 Hz, 2.5 s) in neurons rescued withM18PKCi. Inset: Linear fit of initial recovery after activity-dependent RRP
depletion. Neurons rescued withM18PKCi showed significantly slower refill kinetics (M18WT, 19.2%/s ± 1.7%/s, n = 21; M18PKCi, 13.1%/s ± 1.0%/s,
n = 15, **p < 0.01). Low-frequency stimulation (0.5 Hz) was used to assess recovery kinetics.
(C) To avoid interference of 0.5 Hz test pulses during RRP recovery, we tested RRP recovery using single EPSCswith different time intervals. Neurons
rescued with M18PKCi showed significantly slower refill kinetics.
(D1) Hyperosmotic sucrose application was used to assess RRP recovery 2 s after high-frequency depletion (40 Hz) and compared to initial sucrose
response before 40 Hz depletion in neurons rescued with wild-type Munc18-1 and (D2) M18PKCi.
(E) Recovery was slower in neurons rescuedwithM18PKCi (M18WT, 80.6%± 4.2%of initial RRP size, n = 10;M18PKCi, 56.5%± 5.5%of initial RRP size,
n = 7, **p < 0.01).
Data shown are mean values ± SEM.single EPSCs at different time intervals from the last re-
sponse of high-frequency stimulation to measure the ex-
tent of refilling (Wang and Kaczmarek, 1998). Again, the
recovery rate was significantly slower in neurons express-
ing M18PKCi (Figure 8C). As a second method to circum-
vent interference with activity-dependent RRP refilling,
we compared hyperosmotic sucrose applications
(500 mM) before and 2 s after high-frequency RRP deple-
tion (Figures 8D1 and 8D2). Once more, RRP replenish-
ment was significantly slower in neurons rescued with
M18PKCi (Figure 8E). Thus, PKC-dependent phosphoryla-
tion of Munc18-1 is involved in regulating RRP recovery
kinetics, thereby adjusting synaptic reliability depending
on neuronal activity.DISCUSSION
Recent studies proposed two apparently incompatible
pathways of DAG/b-PE-induced potentiation, via protein
kinase C (PKC) and viaMunc13. In this study, we converge
these two pathways and identifyMunc18-1 as an essential
PKC substrate for DAG/b-PE-induced potentiation. Fur-
thermore,Munc18-1phosphorylation appears tobe acen-
tral element in maintaining normal synaptic release rate
during repetitive stimulation and in presynaptic plasticity
in general.
PKC inhibition did not block potentiation in neurons that
experienced a previous phorbol ester application (Rhee
et al., 2002), but we show here that it does in naiveNeuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 285
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Two Pathways in Presynaptic Plasticityneurons. Apparently, PKC activation by phorbol esters or
via depolarization trains (Figures 2–4) makes synapses
potentiation-competent for some time, such that
Munc13 activation is probably the only remaining require-
ment for potentiation. PKC substrates may remain phos-
phorylated for some time and/or a cascade of events
may be initiated during the initial phorbol ester application
or depolarization trains that produced this potentiation-
competent state. Given the high phosphatase activity in
nerve terminals (de Vries et al., 2000), the latter possibility
is probably the most relevant. In either case, we can con-
clude that PKC and Munc13 activation are both prerequi-
sites for DAG/b-PE-induced potentiation (Figure 9). This
conclusion is in line with the finding that UNC-13 is not
the only phorbol ester receptor that regulates transmis-
sion in C. elegans (Lackner et al., 1999) and that PKC in-
hibitors blocked phorbol ester effects only partially in hip-
pocampal neurons (Stevens and Sullivan, 1998). The two
pathways (PKC- and Munc13-dependent) may operate
separately, during different steps in the synaptic vesicle
cycle, but since the relevant PKC substrate (Munc18-1)
and Munc13 are suspected to act in concert (Toonen
and Verhage, 2003; Varoqueaux et al., 2002; Verhage
et al., 2000), the two pathways may converge and cooper-
ate at a single step in the cycle (Figure 9).
The phorbol ester-induced increase in EPSC amplitude
is accompanied by an increase in release rate (Figure 5B),
a decrease in sucrose response latency (Figure 5C and
Figure S2), and a redistribution of synaptic vesicles rela-
tive to the active zone (Figure 6), but not by changes in
RRP size (Figure 5A). A similar decrease in sucrose re-
sponse latency was previously observed when stimulation
trains elicit augmentation (Stevens and Wesseling, 1999,
which we confirmed here, Figure 5) and was also recently
confirmed by Basu et al., 2007. Probably, both stimuli,
phorbol esters and trains of depolarization, elicit the
same type of potentiation (or augmentation) that is evident
as a decreased delay in the sucrose response and proba-
bly reflects an increase in release efficiency. Similarly, the
release rate during sucrose stimulation is increased under
these circumstances (Figure S2 and Basu et al., 2007), in
line with Calyx-type synapses where phorbol esters also
increase the release rate during stimulus trains (Lou
et al., 2005; Wu and Wu, 2001). It is tempting to speculate
that a common presynaptic plasticity principle is respon-
sible for the decreased delay and increased release rate
in sucrose response in hippocampal and Calyx-type syn-
apses, but it remains to be determined whether the same
molecular events underlie this plasticity in the two synap-
ses. The redistribution of synaptic vesicles after phorbol
ester stimulation may be the morphological correlate of
the increased release efficiency. The fact that this redistri-
bution is PKC/Munc18 dependent may be explained by
the previously observed effects of both molecules on the
submembrane cytoskeleton of chromaffin cells (Toonen
et al., 2006a; Vitale et al., 1992). Phorbol ester treatment
did not increase the amount of docked vesicles, in line
with the lack of effect on RRP size.286 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.Spontaneous release frequency increased approxi-
mately 6-fold after phorbol ester application, while evoked
release increased an order of magnitude less, varying
between 30%–60% potentiation. The difference in the
degree of PDBu potentiation on spontaneous versus
Ca2+-triggered release may reflect differential effects on
the two types of release (Sara et al., 2005). However, the
most simple explanation is that phorbol esters potentiate
transmitter release by increasing the Ca2+ sensitivity of
vesicle fusion, whichmay differentially affect spontaneous
and evoked release, as previously proposed by Lou et al.,
2005. In addition to their role in DAG/b-PE-induced poten-
tiation, PKC activation andMunc18-1 phosphorylation are
Figure 9. Schematic Representation of Both PKC-Dependent
and PKC-Independent Pathways that Are Essential for Phor-
bol Ester-Induced Potentiation
DAG/b-PE-induced potentiation depends on the activation of both
Munc13 and Munc18-1. The direct interaction of DAG/b-PE with
Munc13s has already been shown to be crucial for synaptic potentia-
tion (essential pathway 2). Here we show that DAG/b-PEs-induced
phosphorylation of Munc18-1 by PKC is also essential for potentiation
(essential pathway 1). Therefore, theMunc13 andMunc18-1 pathways
converge, uniting their actions to induce synaptic potentiation. Activa-
tion of Munc18 interacting protein (Mint) by PIP2 and subsequent
translocation of the Mint/Munc18 complex to active zones is an inter-
esting possible third pathway that could potentially play an essential
role in synaptic potentiation.
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Two Pathways in Presynaptic Plasticitynecessary to maintain a normal presynaptic responsive-
ness during and after repetitive stimulation, i.e., in exper-
iments without phorbol ester applications (Figures 7 and
8). Furthermore, depolarization trains were sufficient to in-
duce a ‘‘potentiation-competent’’ state (Figure 4). Presyn-
aptic plasticity is induced by a variety of repetitive stimu-
lation patterns and generally depends on residual Ca2+
(and on exhaustion of the RRP). Hence, PKC-dependent
Munc18-1 phosphorylation may be a universal pathway,
involved in both DAG/b-PE-induced potentiation (together
with Munc13) as well as presynaptic plasticity induced by
residual Ca2+. Both calcium-dependent (Figure 4) as well
as calcium-independent (Figure S3) PKCs appear to be
capable of activating this pathway. Different PKC iso-
zymes may operate in a redundant manner in the nerve
terminal (Goda et al., 1996), making this a robust pathway
inducible by two of the main signaling cascades in the ter-
minal to modulate synapse function (via Ca2+ and DAG,
see Figure 9).The PKC/Munc18-1 pathway is already im-
portant for maintaining a normal synaptic release rate dur-
ing paired stimuli 20 ms apart (Figure 7). This time window
would imply extremely fast phosphorylation, presumably
by preassembled PKC and Munc18-1 in close proximity
to Ca2+ channels. Alternatively, a pre-existing pool of
phosphorylated Munc18-1 may be sufficient.
M18PKCi-expressing neurons show increased EPSC
rundown during repetitive stimulation (Figure 7) and fail
to show a reduced latency of sucrose responses after
phorbol ester or 40Hz stimulation (Figure 5 and Figure S2).
These observations suggest that Munc18-1 phosphoryla-
tion modulates the vesicular release probability (Pves). The
average probability for RRP vesicles to be released is
generally defined as the ratio of a single evoked charge in-
tegral over the sucrose-stimulated charge (Fernandez-
Chacon et al., 2001). By this definition, M18PKCi- and
M18WT-expressing neurons have similar initial release
probabilities, and the observed effects on EPSC rundown
and sucrose response latency cannot be explained. It has
been proposed that glutamatergic hippocampal synapses
(Moulder and Mennerick, 2005, 2006) as well as chromaf-
fin cells (Voets, 2000) and Calyx of Held synapses (Sakaba
and Neher, 2001) contain functionally distinct pools of
releasable vesicles: reluctantly releasable (low Pves), fast
replenishing and ready-releasable (high Pves), slowly
replenishing vesicles. This two-pool model is thought to
regulate synaptic efficiency by increasing the contribution
of the reluctant pool during activity (Trommershauser
et al., 2003). Phosphorylation of Munc18-1 upon repetitive
stimulation or phorbol ester application may promote re-
luctant vesicles, which replenish fast and are released
upon elevated (residual) Ca2+ (Wu and Borst, 1999). In
resting neurons, the amount of phosphorylated Munc18-1
is very low (de Vries et al., 2000) and may not significantly
influence the ratio between reluctant and ready-releasable
vesicles, and therefore isolated evoked amplitudes are
similar in naive neurons expressing M18WT or M18PKCi.
Alternatively, the observed effects on EPSC rundown
and sucrose response latency in M18PKCi-expressing syn-apses may be explained by the lack of potentiation
induced by residual Ca2+ during repetitive stimulation.
This Ca2+-induced potentiation is a normal underlying
element assisting synapses to maintain transmission dur-
ing high activity (Smith et al., 1998), and this mechanism
may be impaired in M18PKCi-expressing synapses.
The PKC/Munc18-1 pathway is also important for syn-
aptic recovery after intense activity. The mechanisms
that operate during recovery are known to be in part
similar as during repetitive stimulation and correlate to
residual Ca2+ levels (Dittman et al., 2000; Wang and
Kaczmarek, 1998; Zucker and Regehr, 2002). The PKC/
Munc18-1 pathway may be involved in increasing the
vesicular release probability of remaining/replenishing
vesicles (Stevens and Wesseling, 1998, 1999) and/or
accelerating refilling of the RRP (Stevens and Wesseling,
1998; Wang and Kaczmarek, 1998). Two arguments sug-
gest that such accelerated refilling may be involved in the
effects of the PKC/Munc18-1 pathway in synaptic recov-
ery. First, the PKC/Munc18-1 pathway translocates syn-
aptic vesicles toward active zones (Figure 6). Second,
we previously found in chromaffin cells that Munc18
promotes the delivery rate of secretory vesicles (Toonen
et al., 2006a).
The simultaneous interaction of UNC-13 and UNC-18
with syntaxin (Sassa et al., 1999) or a competition between
Munc13 and Munc18-1 for syntaxin binding (Betz et al.,
1997) may explain the requirement of both proteins for
potentiation. Munc18-1 phosphorylation and Munc13
activation by phorbol esters may provide two essential
molecular switches that promote release efficiency.
Munc18-1 phosphorylation may change the Munc18/
syntaxin binding mode, possibly shifting the equilibrium
toward core-complex assembly, which may be promoted
by activated Munc13.
EXPERIMENTAL PROCEDURES
Laboratory Animals
Munc18-1-deficient mice were generated as described before
(Verhage et al., 2000). munc18-1 null mutant mice are stillborn and
die within several hours after birth. However, munc18-1 null mutant
neurons from mouse embryos (E18) can be kept in culture for 7–8
days. Mouse embryos were obtained by caesarian section of pregnant
females from timed heterozygous matings. Animals were housed
and bred according to institutional, Dutch, and US governmental
guidelines.
Generation and Biochemical Analysis of Constructs
Munc18PKCi and Munc18DD were generated using Quickchange
(Stratagene) and subcloned in pcDNA3 (Invitrogen). We substituted
serines S306 and S313 for alanines to delete the PKC recognition sites
or to aspartate to mimic the phosphorylated state of Munc18-1. Since
introduction of S313A introduced a putative artificial PKC consensus
motif, we also substituted serine 312 for alanine (Nili et al., 2006). To
probe the binding affinity for syntaxin-1, HEK293 cells were trans-
fected with Munc18-1 wild-type or Munc18PKCi and lysed after 24 hr
according to standard procedures (Nili et al., 2006). The amount of
Munc18-1 expression in each lysate was analyzed on SDS-PAGE,
and lysate volume was adjusted to correct for any expression differ-
ences. 100 mg of cell lysate was incubated overnight at 4C withNeuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc. 287
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addition of glutathione-agarose beads, lysates were washed thor-
oughly with buffered saline. Beads were resuspended in SDS loading
buffer, boiled, and run on 12% SDS-PAGE. Gels were blotted onto
PVDF membranes and stained for Munc18-1 using a polyclonal rabbit
anti-Munc18-1 antibody (directed against the last 20 amino acids of
mouse Munc18-1). Munc18-1 levels were quantified using enhanced
chemifluoresence on a fluoimager (Fuji, FLA5000). To test for the ability
of PKC to phosphorylate Munc18-1, HEK293 cells were transfected
with Munc18-1 wild-type and Munc18PKCi, after 24 hr cells were lysed
and centrifuged to remove cell membranes. 50 ml phosphorylation re-
action mixture contained 20 mg of protein, 5 ml 103 phosphorylation
buffer (10 mM Tris-HCl, 10 mM MgCl2, 100 mM CaCl2, pH 7.4),
2.5 mg phosphatidyl serine, 1 mM PDBu, 1 mM cyclosporine A, 1 mM
okadeic acid, and 0.5 mg PKC (Promega). After 30 min precincubation
on ice, 1 ml 32P g-ATP (10 mCi, Amersham) was added and incubation
continued for 15 min at 30C. After 15 min, 25 ml SDS sample cocktail
was added, and samples were boiled for 5 min. After dilution with 1 ml
PBS, Munc18-1 was immunoprecipitated overnight at 4C, washed
extensively, and analyzed on SDS-PAGE and western blotting. Mem-
branes were analyzed on a BAS-1000 Posphoimager (Fuji).
Cortical and Hippocampal Cultures and Lenti Viral Transduction
Hippocampi were dissected from embryonic day 18 (E18) munc18-1
null mutant mice and collected in Hanks Buffered Salts Solution
(HBSS; Sigma), buffered with 7 mM HEPES. After removal of the me-
ninges, hippocampi were minced and incubated for 20 min in 0.25%
trypsine in HBSS at 37C. After washing, the neurons were triturated
with fire-polished Pasteur pipettes, counted, and plated in Neurobasal
medium (Invitrogen, Carlsbad, USA) supplemented with 2% B-27
(Invitrogen), 1.8% HEPES, 1% glutamax (Invitrogen), 1% Pen/Strep
(Invitrogen), and 0.2% b-mercaptoethanol. Neurons were plated at
6000/cm2 on micro-islands of rat glia. Glial islands were obtained by
spraying a 0.25 mg/ml rat tail collagen solution (BD Biosciences, Bed-
ford, USA) on glass coverslips. After drying and UV sterilization, glial
cells were plated at 600/cm2. 50% of the medium was refreshed every
week. Munc18-1 wild-type, Munc18PKCi, and M18DD cDNAs linked to
enhanced green fluorescent protein (EGFP) via an internal ribosomal
entry site (IRES) were subcloned into pLenti vectors, and viral particles
were produced as described (Naldini et al., 1996). Neurons were trans-
duced at 1 DIV, and EGFP fluorescence was detectable after 2–3 DIV.
Transduction efficiencies between 40% and 100% were routinely
obtained.
Immunocytochemical Procedures
Cultures were fixed at DIV 14 with 4% paraformaldehyde (PFA). After
washing with PBS, cells were permeated with 0.1% Triton X-100 for
5 min and blocked in 4% fetal calf serum for 20 min. Cells were incu-
bated for 1 hr at room temperature in a mixture of mouse monoclonal
anti-MAP2 (Boehringer) and rabbit polyclonal anti-synapsin-1 (E028)
antibodies to visualize dendrites and presynaptic terminals, respec-
tively. After washing, cells were incubated for 1 hr at room temperature
with secondary antibodies conjugated to Cy5 or Alexa 546 (Molecular
Probes, Oregon, USA). After washing in PBS, the coverslips were
mountedwith Dabco-Mowiol and analyzed with a Zeiss 510Meta Con-
focal microscope (Heidelberg, Germany). Total dendrite length, total
number of presynaptic terminals, and dendrite branching (using Scholl
analysis) were measured using custom-written software routines in
Matlab. The observer was blinded for the genotype.
PDBu-Dependent M13 Translocation in Adrenal
Chromaffin Cells
Adrenal chromaffin cells were obtained from munc18-1 null mutant
and wild-type littermate E18 embryos as described (Toonen et al.,
2006a). At DIV 1, cells were infected with Semliki Forest virus particles
expressing Munc13-1 fused to EGFP (Ashery et al., 2000). After 6 hr,
cells were imaged on a Zeiss 510 confocal microscope in Ringer’s288 Neuron 54, 275–290, April 19, 2007 ª2007 Elsevier Inc.buffer (in mM: 147 Na, 2.8 K, 5 Ca, 1 Mg, 10 HEPES, 10 glucose) at
room temperature. Confocal images through the center of the cell
were acquired before and 2 min after application of 1 mM PDBu.
Electrophysiological Recordings
Whole-cell voltage-clamp (Vm = 70 mV) recordings of munc18-1-
deficient neurons rescued with munc18-1-ires-egfp or munc18-
1PKCi-ires-egfp were performed on DIV 10–15. The patch-pipette
solution contained (in mM): 125 K+-gluconic acid, 10 NaCl,
4.6 MgCl2, 4 K2-ATP, 15 creatine phosphate, 1 EGTA, and 20 U/ml
phospocreatine kinase (pH 7.30). The external medium used contained
the following components (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2,
4 MgCl2, 10 HEPES, 10 glucose (pH 7.30). We used fast double-barrel
application of extracellular (500 mM) hypertonic sucrose to reliably as-
sess RRP size. For activity-independent RRP refill kinetics, we used
double sucrose (500 mM) applications with varying time intervals.
Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) or 4a-phorbol
12-myristate 13-acetate (a-PMA, Sigma-Aldrich) was bath applied.
Both bath application and double-barrel was used for application of
phorbol 12,13-dibutyrate (PDBu, Sigma-Aldrich). Bisindolylmaleimide
(BIS, Calbiochem) and Ro 31-8220 (Calbiochem) were bath applied.
Axopatch 200A was used for whole-cell recordings. All recordings
were at 33C, unless indicated otherwise. Signal was acquired using
Digidata 1322A and Clampex 8.1. Clampfit 8.0 was used for offline
analysis.
Electron Microscopy
Hippocampal islands cultures ofmunc18-1 null mutant mice (E18) ob-
tained from two different litters were grown on Bellco gridded glass
coverslips (Bellco Glass Inc., USA). munc18-1 null mutant neurons
were infected (DIV 1) with Lenti munc18-1-IRES-EGFP or Lenti
munc18-1PKCi-IRES-EGFP. As for electrophysiology, only glia islands
containing a single neuron were used for analysis. At DIV 14, cells
were transferred to external electrophysiology medium containing
either a-PMA or PMA (1 mM) for 5 min at room temperature. Then cells
were fixed for 45 min at room temperature with 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.4). After fixation, cells were washed
three times for 5 min with 0.1 M cacodylate buffer (pH 7.4), postfixed
for 2 hr at room temperature with 1% OsO4 in bidest, washed, and
stained with 1% uranyl acetate for 40 min in the dark. Following dehy-
dration through a series of increasing ethanol concentrations, cells
were embedded in Epon and polymerized for 24 hr at 60C. After
polymerization of the Epon, the coverslip was removed by alternately
dipping it in liquid nitrogen and hot water. Cells of interest were se-
lected by observing the flat Epon embedded cell monolayer (contain-
ing the gridded Bellco print) under the light microscope and were
mounted on prepolymerized Epon blocks for thin sectioning. Ultrathin
sections (90 nm) were cut parallel to the cell monolayer and collected
on single-slot, formvar-coated copper grids and stained in uranyl
acetate and lead citrate.
Autaptic synapses were selected at low magnification using a JEOL
1010 electron microscope. All analyses were performed on single ul-
trathin sections of randomly selected synapses (for more details see
the table in the Supplemental Data). The distribution of synaptic vesi-
cles, total synaptic vesicle number, and active zone length were mea-
sured with Image J (National Institute of Health, USA) on digital images
of synapses taken at 100,0003magnification using analySIS software
(Soft Imaging System, Gmbh, Germany). The observer was blinded for
the genotype. For all morphological analyses, we selected only synap-
ses with intact synaptic plasma membranes with a recognizable pre-
and postsynaptic density and clear synaptic vesicle membranes.
Docked synaptic vesicles had a distance of 0 nm from the synaptic
vesicle membrane to the active zone membrane. The active zone
membrane was recognized as a specialized part of the presynaptic
plasma membrane that contained a clear presynaptic density. To get
an estimated size of the total synaptic vesicle pool, distances of
Neuron
Two Pathways in Presynaptic Plasticityundocked synaptic membranes to the active zone membrane were
also included in our measurements.
Statistical Analysis
Data shown aremean values ± SEM. Statistical significancewas deter-
mined using Student’s t test and, where applicable, overall group dif-
ferences were analyzed using one-way analysis of variance (ANOVA).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/2/275/DC1/.
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